The osteoporosis associated with human hyperthyroidism has traditionally been attributed to elevated thyroid hormone levels. There is evidence, however, that thyroid-stimulating hormone (TSH), which is low in most hyperthyroid states, directly affects the skeleton. Importantly, Tshr-knockout mice are osteopenic. In order to determine whether low TSH levels contribute to bone loss in hyperthyroidism, we compared the skeletal phenotypes of wild-type and Tshr-knockout mice that were rendered hyperthyroid. We found that hyperthyroid mice lacking TSHR had greater bone loss and resorption than hyperthyroid wild-type mice, thereby demonstrating that the absence of TSH signaling contributes to bone loss. Further, we identified a TSH-like factor that may confer osteoprotection. These studies suggest that therapeutic suppression of TSH to very low levels may contribute to bone loss in people.
Introduction
Hyperthyroidism, a common health risk affecting approximately 1 in 100 individuals, is often accompanied by worsening osteoporosis, especially in postmenopausal women (1) . There is compelling evidence from early in vitro and more recent mouse genetic studies that both thyroxine (T 4 ) and triiodothyronine (T 3 ) stimulate the resorption of bone by osteoclasts (2) . This leaves no doubt that thyroid hormone excess is a major contributor to the profound bone loss and high risk of fracture in hyperthyroidism. Physiology tells us that high serum thyroid hormone suppresses the production of thyroid-stimulating hormone (TSH) from the anterior pituitary, although in subclinical hyperthyroidism, thyroid hormone levels can be normal, while TSH is low or undetectable. The osteoporosis associated with subclinical hyperthyroidism is therefore unlikely to arise from thyroid hormone excess alone (3).
We and others have shown that, in addition to its known function in stimulating thyroid follicular cells, TSH can act directly on the skeleton (4) (5) (6) (7) (8) . Activation of the TSH receptor (TSHR) on the osteoclast prevents the resorption of bone (4) . When administered intermittently, TSH stimulates osteoblastic bone formation and, in rodent models, rescues ovariectomy-induced bone loss (5) (6) (7) (8) . In contrast, absence of the TSHR in the global Tshr -/-mouse causes high-turnover osteoporosis (4) . That this osteoporosis is not reversed upon thyroid hormone replacement suggests that absent TSH signaling may have a permissive role in causing this bone loss. Epidemiologic evidence favors strong correlations between low TSH and high bone turnover; low TSH and low bone mineral density (BMD); and low TSH and high fracture risk in hyperthyroid patients (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . This raises the question of whether low TSH levels might contribute to the bone loss in hyperthyroidism that has been attributed solely to high thyroid hormone levels.
We therefore compared the skeletal phenotypes of wild-type and Tshr -/-mice that were rendered hyperthyroid by the implantation of slow-release 5-mg T 4 pellets. We show that hyperthyroid Tshr -/-mice completely devoid of TSH signaling display higher levels of bone resorption and bone loss compared with hyperthyroid wildtype mice, even though TSH levels in the latter mice become undetectable. This finding not only establishes a role for TSH signaling in thyrotoxic osteoporosis but, equally importantly, suggests that a local TSH-like factor, which we identify as a novel Tshβ splice variant, might offer osteoprotection, even in the context of undetectable serum TSH.
Results and Discussion
To establish a role for attenuated TSHR signaling in hyperthyroid bone loss, we compared hyperthyroid wild-type and Tshr -/-mice for differences in bone mass and bone remodeling. The expectation was that hyperthyroid Tshr -/-mice would show greater bone loss than hyperthyroid wild-type mice, directly implicating low TSH signaling in the pathogenesis of hyperthyroid bone loss. For this, we rendered wild-type and Tshr -/-mice hypothyroid by adding 0.5% 2-mercapto-1-methyl-imidazole (methimazole) to drinking water for 14 days. Both T 4 and T 3 expectedly declined to low levels, whereas serum TSH rose sharply in both groups (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI63948DS1). Thereafter, both groups were implanted with either 0-mg or 5-mg sustained-release thyroid hormone (T 4 ) pellets for 21 days, during which time the mice were fed normal chow. The 0-mg pellet produced no change in serum T 4 levels, while, as expected from the induction of a hypothyroid state, TSH levels rose in wild-type and Tshr -/-mice. In contrast, serum T 4 levels rose and serum TSH declined in mice receiving 5-mg pellets, essentially modeling human hyperthyroidism.
At 21 days, mice in all groups were sacrificed for histomorphometry and bone marker measurements. Figure 1A shows that compared with mice receiving the 0-mg pellet, those receiving a 5-mg pellet displayed a marked reduction in areal bone mineral density (aBMD). This decline was significantly greater in hyperthyroid Tshr -/-mice compared with hyperthyroid wild-type mice. That this difference was seen in the context of similar T 4 levels (Supplemental Table 1 ) established that absent TSH signaling was the cause of the greater bone loss in Tshr -/-mice rendered hyperthyroid. Micro-CT-based volumetric measures, including volumetric BMD (vBMD), bone volume/trabecular volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and connectivity density (Conn.D), all declined significantly in mice receiving the 5-mg pellet versus those implanted with the 0-mg pellet ( Figure 1 , B and C). Importantly, decrements in vBMD, BV/TV, Tb.Th, and Conn.D were statistically significantly (P < 0.05) greater in Tshr -/-hyperthyroid mice than in wild-type hyperthyroid mice, while differences in Tb.N and trabecular spacing (Tb.Sp) approached significance (0.1 > P > 0.05). This suggests that the major effect of this relatively short treatment is on Tb.Th rather than on Tb.N. No differences were noted in wild-type versus Tshr -/-mice receiving the 0-mg T 4 pellet (P > 0.05). Together the data reaffirm that absence of TSHR in experimentally induced hyperthyroidism can exaggerate the attendant bone loss.
As human hyperthyroidism is associated with high bone turnover (24), dynamic histomorphometry was performed by injecting mice with calcein (15 mg/kg, i.p.) 14 and 4 days prior to sacrifice. Figure 2 , A and B, shows increased bone resorption and formation, as evidenced by tartrate-resistant acid phosphatase (TRAP) and calcein labeling, respectively, in Tshr -/-mice rendered hyperthyroid. Individual parameters, namely osteoclast surface (Oc.S/BPm), mineralizing surface (MS), bone formation rate (BFR), and double label fraction (dLS/BPm) increased significantly (P < 0.05) in Tshr -/-mice implanted with 5-mg pellets compared with those receiving 0 mg T 4 ( Table 1 ). The increases in Oc.S/BPm and BFR were highly significantly (P = 0.004) and marginally (P = 0.081) greater, respectively, in Tshr -/-hyperthyroid mice compared with wild-type hyperthyroid mice ( Table 1 ), confirming that TSHR deficiency causes the increased bone resorption. The apparent discordance between bone formation and bone resorption was expected, as formation lags behind resorption, which is the primary stimulus causing hyperthyroid bone loss.
We further studied remodeling dynamically by measuring the serum markers C-telopeptide and osteocalcin. Consistent with the increased Oc.S/BPm (Table 1) , serum C-telopeptide levels were markedly elevated in hyperthyroid Tshr -/-mice compared with wild-type hyperthyroid mice ( Figure 2C) . Concordant with the changes in BFR (Table 1) , serum osteocalcin levels were also significantly higher in hyperthyroid Tshr -/-mice ( Figure 2D ). Interestingly, we did not note increments in remodeling parameters in wild-type mice implanted with 5-mg T 4 pellets compared with those receiving 0-mg T 4 pellets. This was not unexpected, as after ovariectomy in mice, for example, elevated remodeling occurs very rapidly, causing profound bone loss within 2-3 weeks, which is followed by a low remodeling state with slower bone loss. This means that we likely missed the hyper-resorption phase in our 21-day experiments. Overall, however, we show that net bone loss is more pronounced in mice deficient in Tshr, suggesting an osteoprotective function for TSH signaling, which is lost in hyperthyroidism.
This observation is relevant both clinically and biologically. There is growing evidence for an association between low TSH, low BMD, and increased bone turnover in hyperthyroidism. The risk of vertebral and non-vertebral fractures increases 4.5-and 3.2-fold, respectively, with serum TSH levels of 0.1 IU/l or less (9) . Likewise, euthyroid women with serum TSH levels in the lowest tertile of the normal range have a higher incidence of vertebral fractures, independent of thyroid hormone levels (19) . Analysis of the National Health and Nutrition Examination Survey (NHANES) data show that the odds ratio for correlations between TSH and bone mass range between 2 and 3.4 (18) . Moreover, in the Tromso study, participants with serum TSH levels below 2 SD had significantly lower BMDs (15) . In patients taking suppressive doses of T 4 for thyroid cancer, serum cathepsin K levels were grossly elevated (16) . Importantly, and of clinical relevance, greater bone loss occurs in T 4 -treated patients with suppressed TSH levels than in those without suppression (12, 13) . Our mouse study attempts to reinforce the idea that these clinical observations may not simply be cor-
Figure 2
TSHR deficiency accelerates bone remodeling in hyperthyroidism. Representative images of TRAP-labeled (A) or calcein-labeled bones (B), as well as serum C-telopeptide (CTX) (C) and serum osteocalcin (D) levels in wild-type and Tshr -/-mice implanted with 0-mg (placebo) or 5-mg sustained-release T4 pellets for 21 days. Scale bars in A and B: 100 μm; B inset, 10 μm. **P < 0.01, † P < 0.01; n = 4-9 mice/group. relative; instead, low TSH may facilitate the excessive bone loss in human hyperthyroidism. There is therefore a need for caution when T 4 supplementation is initiated so as not to unnecessarily lower serum TSH to undetectable levels. The reverse, which is that a constantly elevated TSH level might be osteoprotective, may or may not be true. We did not find, at least in these short-term studies, significant BMD or BV/TV differences between wild-type and Tshr -/-mice rendered hypothyroid with 0-mg T 4 pellets. Both groups of mice had elevated TSH levels, but with abrogated TSHR signaling in Tshr -/-mice. Nonetheless, in humans, the HUNT 2 study found a positive correlation between TSH and BMD at the distal forearm (17) . It also appears from our data using osteoclasts from embryonic stem cells that the agonist TSHR antibody may offer antiresorptive osteoprotection against the bone loss in Graves disease, but this needs further validation in humans (25) . Importantly, however, patients harboring the activating TSHR polymorphism D727E have high bone mass (20) (21) (22) . However, hypothyroid patients can be at a high fracture risk, suggesting that persistently elevated serum TSH levels may, in fact, suppress bone resorption to the ultimate detriment of optimal skeletal remodeling and bone strength (26) . Nonetheless, we and others have shown that TSH administered intermittently acts upon the osteoblast to promote bone formation in rodents and humans (5) (6) (7) .
What is fascinating biologically, however, is that while the two hyperthyroid genotypes have undetectable serum TSH levels and similar T 4 levels, Tshr -/-mice lose more bone than wild-type mice. This establishes the TSHR as the only determinant that could account for the bone loss differences between the two genotypes when rendered hyperthyroid. Underscoring this difference, we report the identification of a Tshβ splice variant, produced in bone marrow (27) , which is regulated positively, rather than negatively, by T 4 (Supplemental Figure 1) . This molecule, we believe, is capable of exerting a bone-protective effect, which would be lost when the TSHR is deleted. The production of a pituitary hormone-like hormone in bone marrow is not surprising. We and others have shown that anterior pituitary hormones, such as adrenocorticotropic hormone (ACTH) (28) , and posterior pituitary hormones, such as oxytocin (29) , are produced by bone cells. While their physiologic importance remains unresolved, the possibility of simpler, shorter feedback or feed-forward loops within bone, where GPCRs for pituitary hormones have been identified (30, 31) , might be biologically meaningful in the intricate control of skeletal integrity.
Methods
Ten week-old Tshr -/-mice, originally generated on a mixed C57BL/6 × 129Sv background, were backcrossed for more than 10 generations. The mice were maintained on a 12-hour light/12-hour dark photoperiod. We supplemented Tshr -/-mice with thyroid extract (100 ppm) at weaning (4), but supplementation was suspended at the start of the experiments. Mice were first rendered hypothyroid by addition of 0.5% 2-mercapto-1-methylimidazole (methimazole) to drinking water for 14 days. Thereafter, both groups were implanted with either 0-mg or 5-mg sustained-release thyroid hormone (T4) pellets (Innovative Research of America) for 21 days and were fed normal chow. At 21 days, mice in all groups were sacrificed for histomorphometry and bone marker measurements. Serum T4 and TSH measurements were made using Multiplex assays (Millipore). aBMD was measured using a small animal densitometer (PIXImus, GE-Lunar). Micro-CT (Desktop CT 40, SCANCO) allowed quantitation of vBMD, BV/TV, Tb.Th, Tb.N, Tb.Sp, and Conn.D (32) . Histomorphometry using calcein (Sigma-Aldrich) and Bioquant 11 (RM Biometrics) provided estimates of MS, mineral apposition rate (MAR), BFR, osteoid thickness (Os.Th), single label fraction (sLS/BPm), and dLS/BPm, while TRAP staining provided Oc.S/BPm (32) . Osteocalcin ELISA (Biomedical Technologies) and RatLaps ELISA (Nordic Bioscience Diagnostics) were used.
Statistics. Data are expressed as mean ± SEM. Statistical comparisons were carried out using 1-way ANOVA with Bonferroni's correction and 2-tailed Student's t test. P values less than 0.05 were considered significant.
Study approval. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Mount Sinai School of Medicine.
